In the present study, the frequency distributions of 20 discrete cranial traits in 70 major human populations from around the world were analyzed. The principal-coordinate and neighbor-joining analyses of Smith's mean measure of divergence (MMD), based on trait frequencies, indicate that 1) the clustering pattern is similar to those based on classic genetic markers, DNA polymorphisms, and craniometrics; 2) significant interregional separation and intraregional diversity are present in Subsaharan Africans; 3) clinal relationships exist among regional groups; 4) intraregional discontinuity exists in some populations inhabiting peripheral or isolated areas. For example, the Ainu are the most distinct outliers of the East Asian populations. These patterns suggest that founder effects, genetic drift, isolation, and population structure are the primary causes of regional variation in discrete cranial traits. Our results are compatible with a single origin for modern humans as well as the multiregional model, similar to the results of Relethford and Harpending ([1994] 
areas. For example, the Ainu are the most distinct outliers of the East Asian populations. These patterns suggest that founder effects, genetic drift, isolation, and population structure are the primary causes of regional variation in discrete cranial traits. Our results are compatible with a single origin for modern humans as well as the multiregional model, similar to the results of Relethford and Harpending ([1994] For many years, both the single-origin and multiregional hypotheses were used to explain modern human variation (Cann et al., 1987; Cavalli-Sforza et al., 1988; Stringer and Andrews, 1988; Howells, 1989; Wolpoff, 1989) . Lahr (1996) wrote that if genetic, chronological, morphological, and archaeological evidence are taken into consideration, a single common origin for Homo sapiens in Africa explains regional differences in modern human populations. Others (Thorne and Wolpoff, 1981; Wolpoff, 1989 Wolpoff, , 1992 Wolpoff et al., 1984) have consistently maintained that the multiregional hypothesis explains morphological (and genetic) variation in fossil and modern humans. However, Relethford (1994 Relethford ( , 1999 and Harpending (1994, 1995) demonstrated that both African replacement and multiregional models explain patterns of the genetic and morphological variation if a larger long-term African population size and gene flow are allowed. More recently, Templeton (2002) demonstrated the inadequacies of both the out-of-Africa replacement model and the simple trellis model of Wolpoff (1989 Wolpoff ( , 1992 , based on the genetic data. Subsaharan Africans have been found to be genetically though not morphologically distant from other populations (Cann et al., 1987; Cavalli-Sforza et al., 1988; Nei and Roychoudhury, 1993) . Several studies of dental and cranial morphological variation have shown that Subsaharan Africans and Australasians are distinct (Howells, 1973a (Howells, , 1989 (Howells, , 1995 Turner, 1992; Lahr, 1995; Relethford and Harpending, 1995; Scott and Turner, 1997; Powell and Neves, 1999) . Morphological differentiation in response to environmental factors is often suggested for these differences (Beals, 1972; Guglielmino-Matessi et al., 1979; Scott and Turner, 1997) . Although the relationship between craniofacial form and environmental factors was examined by Beals (1972) and Guglielmino-Matessi et al. (1979) , adaptive responses to different selective forces over a period of time cannot be directly tested. How can the morphological diversity of modern humans be explained in the framework of modern hu- man evolution? Several pioneering examinations of craniofacial and dental variation may provide an answer. Howells (1989) found that modern regional craniofacial differences are small relative to the differences between modern populations and Neanderthals. Relethford (1994) and Relethford and Harpending (1994) also found that the amount of morphological variation among major geographic groups is relatively low, and is compatible with those based on the genetic data. Further, Relethford and Harpending (1994) showed that Subsaharan African populations were the most divergent once regional differences in population size were taken into account in computing biological distances between regions. Lahr (1994 Lahr ( , 1995 Lahr ( , 1996 and Lahr and Wright (1996) concluded that the morphological characters often cited as evidence of the multiregional model are actually due to the differential retention of traits from a single ancestor. Scott and Turner (1997) summarized dental morphology data from thousands of individuals and hundreds of groups. The numerical scale and worldwide synthesis of global variation rival quantitatively and qualitatively the craniometric data gathered by Howells (1973a Howells ( , 1989 Howells ( , 1995 . Cladistic analyses of dental morphological traits generally support the single-origin hypothesis for anatomically modern humans (Irish, 1997 (Irish, , 1998 Stringer et al., 1997; Tyrrell and Chamberlain, 1998) .
Except for a few studies (Berry and Berry, 1967; Hertzog, 1968; Hauser and De Stefano, 1989; Manzi et al., 1996 Manzi et al., , 2000 , large-scale analyses of discrete cranial traits to assess interpopulation relationships have not been performed. In morphological studies, we are faced with a need to explain the evolutionary processes by which the morphological variation likely developed (Relethford and Harpending, 1994; Lahr, 1995 Lahr, , 1996 Lahr and Wright, 1996) . Our previous studies (Hanihara et al., 1998a,b; Hanihara and Ishida, 2001a-e) suggest that many discrete cranial traits show distinctive geographical variation, interregional clines, intraregional discontinuity, and changes over time. We concluded that founder effect, genetic drift, and population structure are the underlying causes for the observed regional variation. The purpose of this paper is to analyze and interpret interregional relationships of worldwide human populations, using discrete cranial traits. We address how the analysis of these traits contributes to our understanding of modern human origins. 
MATERIALS AND METHODS
Seventy samples with a relatively large sample size were used in the multivariate statistical analysis. Table 1 provides the sample names, sample sizes, and brief information on each sample. All samples were made up of adult specimens without cranial deformations. The principal criteria used to determine adult status were complete fusion of the sphenooccipital synchondrosis and fully erupted third molars, if available.
Twenty discrete cranial traits (Table 2) were analyzed with respect to sex and side differences, intertrait association, and frequency distributions in a series of 70 late prehistoric, historic, and recent samples, totaling more than 8,000 individuals from around the world. The details of samples and their archaeological, geographical, and ethnological contexts are provided elsewhere (Hanihara and Ishida, 2001b-e) . The scoring procedures for each trait are further described in Hanihara and Ishida (2001b-e) . The scoring of graded traits (transverse zygomatic suture vestige, biasterionic suture vestige, jugular foramen bridging, and mylohyoid bridging) was converted to present or absent, following Dodo (1974) . While observations were made for each side in bilateral traits, the individual count method was used; if a trait was present on either or both sides, it was scored as present (Dodo, 1974; Hauser and De Stefano, 1989; Turner et al., 1991) . For all groups, Fisher's exact probability test showed that the expression of most traits does not differ significantly between the right and left sides and does not show any side preference in unilateral expression (Hanihara and Ishida, 2001b-e).
Sex differences were found in a few traits, such as presence of asterionic bone, biasterionic suture vestige, and tympanic dehiscence. However, the sexes were pooled in this study because of a roughly consistent male/female ratio (2:1-3:1) in the majority of samples, except for the European samples, which are overwhelmingly male.
Although several statisticians and geneticists (e.g., Balakrishnan and Sanghvi, 1968; Edwards and Cavalli-Sforza, 1972; Konigsberg, 1990) have developed a wide array of techniques for estimating biological distance using genetic or phenotypic trait frequencies in samples, the modified Smith's mean measure of divergence (MMD) (Sjøvold, 1973) was applied for estimating biological divergence between each pair of samples in this study. Although the development and use of different distance statistics have proceeded with some controversy, and some authors have pointed out the advantages of one particular method and the weaknesses of alternative approaches, the usefulness for MMD was recently addressed (Scott and Turner, 1997; Dodo et al., 1998) . Since many workers specializing in discrete cranial and dental traits often employ MMD (e.g., Berry and Berry, 1967; Turner, 1987 Turner, , 1992 Ossenberg, 1986; Dodo et al., 1992 Dodo et al., , 1998 Irish, 1997 Irish, , 1998 Scott and Turner, 1997) , the results obtained by MMD statistics in this study can be directly compared with such previous works without methodological controversy. According to Cavalli-Sforza et al. (1994) , moreover, the distances calculated by different formulae are always highly correlated.
The MMD is not based on population genetic models. As such, it is a model-free, rather than modelbound measure (Howells, 1973b; Relethford and Lees, 1982) . The MMD is based on an assumption of trait independence. In our previous studies, the average intertrait correlation in each sample was low, with Phi coefficients ranging from 0.00 -0.28, with a mean correlation of 0.08. Higher correlations among morphogenetically similar (hyperostotic or hypostotic) traits have been found (Berry and Berry, 1967; Hertzog, 1968; Ossenberg, 1969; Corruccini, 1974; Hauser and De Stefano, 1989) . However, the patterns of geographical variation tend to be different from trait to trait, even in the same category, suggesting the more or less independent expression of these traits (Hanihara and Ishida, 2001b-e) . Based on these results, we assume that the MMD will not be seriously biased.
Principal coordinate analysis and the neighborjoining method (Saitou and Nei, 1987) were applied to the MMD distance matrix to visualize the intergroup relationships with a minimum loss of information present in the original distances. Dodo (1974 Dodo ( , 1987 ) Accessory infraorbital foramen Berry and Berry (1967) Accessory mental foramen Murphy (1957) , De Villiers (1968) , Gershenson et al. (1986) RESULTS The principal coordinate analysis of the MMD matrix (not shown because of its unwieldy size) was performed first. With a few exceptions (some pairs in Southeast Asian samples), the MMD between each pair of samples was significant at the 5% level or less. A plot of the 70 samples on the first three principal coordinates is presented in Figure 1 . The first three coordinates represent approximately 80% of the information in the distance matrix. To aid in interpretation, two-dimensional scatter plots were drawn, using the first through fourth principal coordinates, all of which have eigenvalues greater than 1.0 (Fig. 2) .
Roughly three major constellations are evident. The Subsaharan African, Southeast Asian, and Oceanian samples form a cluster in one quadrant of Figure 2a . However, the Subsaharan African sam- Fig. 1 . Three-dimensional display of sample affinities by principal coordinate analysis based on MMD distance matrix. Numbers correspond to sample numbers in Table 1. ples form a distinct grouping, well removed from the Southeast Asian and Oceanian samples on the third and fourth principal coordinates. In Figures 1 and 2 , the Subsaharan African samples show significant separation from other regions, as well as diversity among themselves. The East/Northeast Asian and European samples form two additional discernable clusters. The New World and Arctic samples are peripheral subgroups in the large East/Northeast Asian cluster, and the two Ainu samples are outliers to other East Asians. The Central Asian samples are located between the Eastern Asian and European clusters. In the bottom half of Figure 2a , the South Asian samples are nearest to the center of all groups, the North African samples are a bit further removed, and the European samples are more separated, having the lowest scores on principal axis 2.
Applying the neighbor-joining method to the MMD distances results in the dendrogram illustrated in Figure 3 . The initial split, suggesting the greatest dissimilarity, is between Subsaharan Africans and the rest of the world. The Europeans, North Africans, and South Asians are then separated from the remaining groups. Oceania and the Southeast Asian groups form a separate branch that is separated from a large grouping of Central and East/Northeast Asian, Arctic, and New World series clusters. The Arctic cluster, which includes groups from northeasternmost Siberia, is deep in a branch containing all New World groups. The Ainu samples are more similar to mainland groups from the Amur River basin and Lake Baikal than to the Japanese.
DISCUSSION
In the present study, we analyzed discrete cranial data from several thousand individuals and many populations from around the world. The results of our multivariate analyses provide support for the geographical distinctiveness of the populations. In fact, the patterns of divergence shown in Figures  1-3 are roughly consistent with the genetic and craniometric trees (Howells, 1989; Cavalli-Sforza et al., 1994) . The clustering pattern presented here suggests, at the same time, that the variation in discrete cranial traits is, at least in part, due to intergroup genetic differences rather than mainly environmental factors. We acknowledge, however, that discrete cranial traits have an underlying threshold mode of inheritance, and thus the use of frequencies in MMD may not directly reflect underlying allele frequencies.
This study revealed the clinal nature of discrete cranial trait variation across regions and the morphological discontinuity in isolated populations such as the Ainu, Andamanese/Nicobarese, and Pacific peoples. These results suggest that limited gene flow and local adaptation allowed such peripheral groups to maintain their distinctiveness. These results are consistent with the interpretation of Lahr (1996) that the diversity of modern human cranial features may be attributed to the differential retention, specialization, loss, and intensification of certain morphological traits from ancestral patterns. If this is true, as seems likely, then we suggest that it is still too soon to accept any particular model of modern human diversity and interpopulation relationships such as those proposed by Omoto (1995) , Brace et al. (2001) , and others. Genetic and craniometric data provide only part of the evidence needed to answer questions of modern human origins and the evolution of modern human diversity. Additionally, data should illuminate the population histories and affinities of peripheral groups such as the Ainu.
Another notable result is the significant regional differences between Subsaharan Africans and the other regional populations in the world. According to many geneticists (e.g., Cann et al., 1987; Vigilant et al., 1991; Stoneking, 1993) and morphological anthropologists (Stringer and Andrews, 1988) , the single-origin hypothesis for the emergence of anatomically modern humans entails that the greatest difference of physical characteristics will be found between Subsaharan Africans and other geographical populations. However, the present findings are also consistent with the multiregional hypothesis (Thorne and Wolpoff, 1981; Wolpoff, 1989 Wolpoff, , 1992 Wolpoff et al., 1984) . Certainly, regional morphological diversity will reflect the combination of several factors, such as adaptation to different environments, different subsistence patterns, random drift, gene flow, and isolation (Howells, 1989; Turner, 1990; Relethford, 1994; Lahr, 1995) .
Although the clustering pattern shown in Figure 3 is roughly compatible with those constructed by genetic data (Cavalli-Sforza et al., 1988; Nei and Roychoudhury, 1993; Ruiz-Linares et al., 1995; Omoto and Saitou, 1997) and cladistic trees using dental data (Stringer et al., 1997; Irish, 1998; Tyrrell and Chamberlain, 1998) , it is also compatible with a model of regional differences in population size and rates of gene flow. As shown in Harpending (1994, 1995) , Relethford (1999), and Jorde (1999) , differences in population size and gene flow can easily mimic a recent Subsaharan African origin. A model with Subsaharan Africa having the largest long-term population size and greater gene flow out of Africa than into Africa replicates the observed patterns of higher within-region variation in Africa and greater separation of Africans from non-African populations (Relethford and Harpending, 1995; Relethford, 1999; Relethford and Jorde, 1999) . Such results inform us about patterns of gene flow and population size, and do not necessarily support one model of modern human origins over another.
As described previously, the purpose of the present study was not to test the multiregional vs. single-origin hypotheses. Our main purpose was to stress that discrete cranial traits provide biological distances similar to those found in genetic and other morphological analyses. Regardless of which modern-human-origins model is correct (if either is ab- Fig. 3 . Result of clustering by neighbor-joining method applied to MMD distance matrix. solutely), or whether such analyses can decisively test the models, it is clear that different types of data reflect similar patterns, whether or not we can know for certain the causes of such patterns.
